The formation of globules with a CoSiB-based amorphous core and CoSi-based nanocrystalline shell structure embedded in the Cu crystalline matrix phase was found in rapidly solidified (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 alloy. Liquid phase separation based on the CoCu alloy system and the high glass-forming ability of the CoSiB alloy system led to the formation of various types of globules in CoCuSiB immiscible alloy with an amorphous phase.
Introduction
The equilibrium phase diagram of the CoCu alloy system shows a flat liquidus line similar to that of the FeCu system. 1) It is well known that the CoCu alloy shows metastable liquid miscibility below the liquidus line.
2) A number of studies have investigated the phase separation behavior and microstructure of CoCu alloy systems in the areas of materials science, materials engineering, and applied physics, particularly in evaluation of fine precipitates dispersed in matrixes and of giant magnetoresistance (GMR) effects.
In some CoCu-based immiscible alloy systems, an amorphous phase formation was reported during liquid phase separation, for example, melt-spun ribbons 35 ) and atomized powders 6) in CoCuSiB alloy systems and melt-spun ribbons in CoCuZrB alloys. 7) Bulk metallic glass composites of Co-Cu-based immiscible alloys have been reported to form in Cu-Cu-Zr-Al alloy systems, such as (Cu 46 Among these alloy systems, the solidification structure of the Co-Cu-Si-B alloy systems significantly depends on the process and composition. The phase separation of Co-rich and Cu-rich liquids and the formation of an amorphous phase in a separated Co-rich liquid lead to the formation of specific solidification structures, such as macroscopically phaseseparated micrometer-order structures [i.e., dual-layer structure, 3, 4) entangled-duplex structure, 5) and coreshell structure 6) ] and nanometer-ordered structure consisting of nanoemulsion-like structure in a macroscopically phase-separated Co-rich layer.
35) Melt-spun ribbons of (Co 0.75 Si 0.10 B 0.15 ) 70 -Cu 30 alloys show a macroscopically phase-separated duallayer structure composed of Cu-based crystalline layers and Co-Si-B based amorphous layers. 3, 4) The Co-Si-B amorphous alloys are known to show excellent soft magnetic properties 10) and the Cu-based crystalline layer can act as the heat removal layer. To control the microstructure of the melt-spun (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 alloy ribbons for their application as soft magnetic materials, the microstructure of the alloy needs to be systematically evaluated. It is noteworthy that while the formations of the macroscopically phase separated structure 3, 4) and the emulsion-like structure in the macroscopically phase separated Co-rich Co-Si-B base amorphous layers 5) have been evaluated, the microstructures of the macroscopically phase separated Cu-rich crystalline layers are yet to be investigated in detail. In this study, the microstructure of rapidly solidified melt-spun ribbons in immiscible Co CuSiB alloys was systematically evaluated focusing on globules embedded in a macroscopically phase-separated Cu-rich layer in melt-spun ribbons, and a new coreshell structure that differed from the observed coreshell structure formed in atomized powder in (Co 0.75 Si 0.10 B 0.15 ) 45 Cu 55 alloy 6) was first observed. The formation of globules with a CoSiB amorphous core and CoSi-based nanocrystalline shell structure in (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 (at%) alloy was observed.
Experimental Procedure
The (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 alloys were designed as a combination of pure Cu and a Co 75 Si 10 B 15 alloy system with a high glass-forming ability 1113) in the Co-based alloy system. The process of preparing melt-spun specimens of (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 alloy is described in the literature. 4) The structure of the melt-spun ribbon was examined by X-ray diffraction (XRD) using Cu K¡ radiation. Scanning electron microscopy (SEM)backscattered electron image observation was performed (JEOL JEM-5600). Transmission electron microscopy (TEM) observation was also conducted (Hitachi H-800). For TEM observation of thick specimens over a wide area, high-voltage electron microscopy (HVEM) was performed using an ultrahigh-voltage electron microscope (UHVEM, Hitachi H-3000) 14) at an acceleration voltage of 2.0 MV. The very high acceleration voltage of UHVEM realizes thick specimen and wide-area TEM observation. 15, 16) High-resolution TEM (HRTEM) and nanobeam energydispersive X-ray spectrometry (EDS) were conducted using a Hitachi HF-2000 instrument with a cold-type fieldemission electron gun. Thin films for TEM, HVEM, and HRTEM observations were prepared by an ion-thinning method using Gatan's precision ion-polishing system, model 691.
Results
In a melt-spun ribbon of (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 alloy, the formation of a macroscopically phase-separated dual-layer structure and nano-emulsion-like structure composed of fcc Cu crystalline globules and CoSiB-based amorphous matrix in the CoSiB-rich layer was reported.
35) The microstructures of the macroscopically phase-separated interface between the CoSiB-rich and Cu-rich layers are shown in Fig. 1 . Figure 1(a) shows the microstructure observed using SEM, where the gray contrast layer (A) is the CoSi B-rich layer, and the white contrast layer (B) is the Cu-rich layer. The crystalline Cu phase appears as a white spherical phase dispersed in the CoSiB-rich layer. In the Cu-rich phase, an emulsion-like structure composed of the gray spherical phase and white matrix is observed. The macroscopically phase-separated interface is observed in the TEM bright-field (BF) image in Fig. 1(b) ; the gray contrast matrix region (A) is the CoSiB-rich layer, whereas the white contrast matrix region (B) is the Cu-rich layer. In the Cu-rich crystalline matrix layer, a coreshell globule (B1) and nanospherical precipitates (B2) are observed. The microstructure of fcc Cu crystalline precipitates embedded in the macroscopically phase-separated CoSiB-based amorphous phase, and the coreshell globule (B1) and the nanospherical precipitates (B2) embedded in the macroscopically phase- was not observed in HVEM observation. The microstructure of fcc Cu crystalline precipitate A2 was investigated in detail by TEM and HRTEM. Crystalline globules without a shell layer embedded in an amorphous matrix were observed in the magnified TEM image ( Fig. 2(b) ) and HRTEM image ( Fig. 2(c) ). Coreshell structure formation in fcc Cu crystalline globules embedded in the macroscopically phaseseparated CoSiB-rich layer was not detected in this study.
Figure 3(a1) shows a TEM image of the microstructure of spherical precipitate B1 embedded in the Cu crystalline matrix (C), where the core region is labeled (D), and the shell region is labeled (E). The core shows featureless contrast with minor black or white precipitates, whereas the shell shows contrast typical of crystalline phases. The minor black or white precipitates embedded in the featureless contrast of the core region are marked by the letter F in the magnified TEM image (Fig. 3(a2) ), which shows the interface between the core and shell regions. The interface between the core and shell regions was examined using HRTEM ( d1)). Amorphous phase formation is further confirmed by the halo ring in the FFT image obtained from the core region ( Fig. 3(c1) ). The shell region exhibits a nanocrystalline structure, as is evident from the lattice contrast image (Figs. 3(b) and 3(d2) ) and the Debye ring in the FFT image ( Fig. 3(c2) ). Nanobeam EDS analyses of the Cu crystalline matrix (C), amorphous core region (D), and nanocrystalline shell region (E) of coreshell globule B1 are shown in Figs. 3(e1), 3(e2) , and 3(e3), respectively. Sharp peaks in (Fig. 3(e2) ). Sharp intensity peaks corresponding to Co and Si are observed in the shell region ( Fig. 3(e3) ). No significant difference is observed between the nanobeam EDS spectra of the core region and shell region, which indicates that globule B1 consists of a CoSi-rich amorphous core and nanocrystalline shell in the macroscopically phase-separated Cu-rich layer.
The microstructure of the phase-separated Cu-rich layer (B, Figs. 1(a) and 1(b)) is further examined in Fig. 4 , with particular focus on the crystalline precipitates (B2, Fig. 1(b) ) embedded in the macroscopically phase-separated Cu-rich layer. The size distributions of the nanospherical precipitates (B2 in Fig. 1(b) ) and large precipitates with core-shell structure (B1 in Fig. 1(b) ) are discontinuous, as shown in Fig. 1(b) and Fig. 4(a) (this data will be discussed in later sections). The spherical precipitates, whose diameter is approximately 200 nm or less, show crystalline contrast without any featureless contrast typical of an amorphous phase (Fig. 4(a2) ). The nanobeam EDS spectrum of the spherical crystalline precipitate (G, Fig. 4(a2) ) shows that the precipitate is enriched in Co and Si (Fig. 4(b) ). These results indicate the formation of spherical CoSi-rich crystalline precipitates embedded in the Cu crystalline matrix. The microstructure of globules embedded in the macroscopically phase-separated Cu-rich crystalline layer (B, Figs. 1(a) and  1(b) ) depends on the size of the globules. The coreshell structure comprising a CoSi-rich amorphous core and a Co Si-rich nanocrystalline shell is formed in globules with a diameter of approximately 500 nm (Fig. 3) , whereas CoSirich crystalline precipitates without an amorphous phase were observed in globules with a diameter of approximately 200 nm or less (Fig. 4) .
Discussion
To discuss the liquid phase separation behavior and the distribution of the constituent elements during liquid phase separation in the CoCuSiB alloy system, a thermodynamic calculation was performed using the FactSage (ver. 6.4) computation program and the thermodynamic database for alloy systems from the Scientific Group Thermodata Europe (SGTE). (Fig. 5(c) ). The liquid phase separation observed in this study is compatible with the thermodynamic calculation for CoCuSiB alloys. The distribution of Si and boron during liquid phase separation was also evaluated by FactSage with SGTE. The calculated mole fractions of the elements constituting the separated Corich and Cu-rich liquids are shown in Table 1 . Si shows the tendency to accumulate in the Cu-rich liquid rather than in the Co-rich liquid, while boron shows the opposite behavior and accumulates in the Co-rich liquid rather than in the Curich liquid. The experimental results (Figs. 3(e1)(e3) ) and the thermodynamic calculations (Table 1 ) with regard to the distribution of Si in the Co-rich region and in the Cu-rich region differ. Si tends to accumulate in the Cu-rich liquid rather than in the Co-rich liquid, according to the thermodynamic calculations, whereas the enrichment of Si can be observed in the core-shell structured Co-rich precipitates rather than in the Cu crystalline matrix in the rapidly solidified specimens. This may be explained by the rejection of Si from the Cu-rich liquid to the Co-rich liquid during solidification, which is accompanied by the crystallization of the Cu-rich liquid. Table 1 indicates that boron accumulates in the Co-rich liquid rather than in the Cu-rich liquid. The distribution of elemental boron cannot be evaluated by TEM-EDS analysis owing to the low atomic mass of the element. On the basis of the glass-forming ability (GFA) of Co-based alloys, it is reasonable for boron to accumulate in the Cu-rich liquid rather than in the Co-rich liquid during rapid solidification accompanying melt-spinning because the formation of an amorphous phase in the binary CoSi alloy system 19) is difficult and the Co-Si-B ternary alloy system shows a high GFA.
1013) The formation of the Co-Si-B-rich liquid during rapid solidification may lead to the formation of globules with a Co-Si-B-based amorphous core in the Cu-rich crystalline matrix.
Coreshell structure formation has been reported previously in atomized powders of (Co 0.75 Si 0.10 B 0.15 ) 45 Cu 55 alloy. 6) A CoSiB-based core and Cu-based shell structure were formed, and the unique coreshell structure formation was explained by Marangoni motion of the separated liquids on the basis of the temperature dependence of the interfacial energy. 20) The existence of two separate liquids, the CoSi B-rich liquid and Cu-rich liquid, is necessary for the formation of the coreshell structure in atomized powder. In this study, a significant difference in the ratio of the constituent elements i.e., Co, Cu, and Si, between the amorphous core (D, Fig. 3(a1) ) and nanocrystalline shell layer (E, Fig. 3(a1) ) cannot be seen in (Co 0.75 Si 0.10 B 0.15 ) 70 -Cu 30 alloy (Figs. 3(e1)3(e3) ). The quantitative evaluation of the distribution of boron cannot be achieved in the present study, however, the similarity in the constituent elements between the amorphous core and nanocrystalline shell layer indicates that the Marangoni flow mechanism 20) cannot explain the formation of coreshell globules comprising a CoSiB-based amorphous core and CoSi-based nanocrystalline shell embedded in a macroscopically phaseseparated Cu-rich layer. Coreshell precipitates in immiscible alloys with an amorphous phase were reported in FeCubased FeCuZrB alloys; 21) coreshell precipitates embedded in an Fe-based amorphous matrix, which show an fcc Cu crystalline core and Fe-based amorphous shell structure, were found in FeCuZrB immiscible alloys. The mechanism for the formation of the Cu-based crystal core and Febased amorphous shell precipitates in FeCuZrB alloys also cannot be applicable to this study. In the following, the formation process of globules with an amorphous corenanocrystalline shell structure are discussed in detail, together with the solidification process in CoCuSiB immiscible alloy with an amorphous phase during meltspinning. Figure 6 shows a schematic illustration of the formation of various types of globules in melt-spun ribbon in (Co 0.75 -Si 0.10 B 0.15 ) 70 Cu 30 alloy. The mechanism of macroscopically phase-separated structure formation based on an inhomogeneous liquid ejection model 4) is shown in Fig. 6(a) . In (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 alloy, the upper limit to the temperature at which liquid immiscibility occurs is approximately 1660 K (Fig. 5(a) ). Phase-separated liquids may exist in the fused quartz tube during radio frequency heating. The stirring action induced by the radio frequency leads to the mixing of the separated liquids, and both Co-rich and Cu-rich liquids would be ejected during melt-spinning, resulting in the formation of macroscopically phase-separated structure in melt-spun ribbons. Figure 6 (b) shows a schematic illustration of the formation of fcc Cu crystalline globules (A1 and A2, Fig. 2(a) ) embedded in the CoSiB-rich amorphous matrix. The decrease in the solubility of Cu in the Co-rich liquid causes repeated liquid phase separation.
2224) The difference in the sizes of fcc Cu crystalline globules A1 and A2 in Fig. 2(a) can be explained by that in the liquid phase separation temperature; the liquid phase separation temperature for the formation of globule A1 is higher than that of globule A2. The separated Cu-rich liquid droplets embedded in the macroscopically phase-separated Co-rich layer change to crystalline globules through crystallization of the liquid phase, resulting in the formation of crystalline globules. The particular microstructure of CoSi-rich globules with core shell structure was found in this study (Figs. 1, 3, and 4) . The formation of various sizes of CoSi-rich globules embedded in the macroscopically phase-separated Cu-rich crystalline matrix (B1 and B2, Fig. 1(b) ) and that of globules with an amorphous corenanocrystalline shell can be explained by liquid phase separation in the CoCu-based alloy system, the high GFA of the CoSiB alloy system, redistribution of the constituent elements through solidification with crystallization of the Cu-rich liquid, and the effect of the Cu crystalline phase on the crystallization of the CoSiB-rich amorphous and/or liquid phase, as shown in Fig. 6(c) . The composition of CoSi-rich liquid droplets depends on the liquid phase separation temperature and redistribution of the constituent elements through solidification with crystallization of the Curich liquid matrix. CoSiB-based liquid droplets whose composition is suitable for the formation of an amorphous phase during rapid solidification would be formed through liquid phase separation at a particular temperature and redistribution of the constituent elements through crystallization of the macroscopically phase-separated Cu-rich liquid layer. In CoSiB-rich liquid droplets whose size is approximately 500 nm (corresponding to B1 in Fig. 1(b) ), the CoSiB-rich amorphous and/or liquid phase would crystallize at the interface between the droplet and the Cu crystalline matrix, resulting in the formation of the CoSirich nanocrystalline shell layer. It can be considered to be difficult that the nanospherical Co-rich precipitates embedded in the Cu crystalline matrix (B2 in Fig. 1(b) ) were formed not by the liquid phase separation but by precipitation from the Co-supersaturated Cu solid solution phase. The cooling rate in the single roller melt-spinning process is roughly evaluated to reach the order of 10 ¹5 K/s. 10, 25, 26) The significant difference in the elements in the nanospherical Co-rich precipitates and the Cu crystalline matrix indicates the necessity of having the constituent elements distributed well in the Co-Cu-Si-B alloys. It is reasonable to consider that the distribution of the constituent elements for the formation of the nanospherical Co-rich precipitates cannot be achieved only by the diffusion of the constituent elements in solid phase during rapid cooling. The liquid phase separation may be a key factor for the formation of nanospherical Co-rich precipitates and Co-rich precipitates with core-shell structures. This demonstrates that the combination of liquid phase separation and amorphous phase formation during rapid solidification can stimulate the formation of a unique solidification structure, resulting in amorphous corenanocrystalline shell globules of a particular size in the macroscopically phase-separated Cu-rich layer in CoCu-based immiscible alloys with an amorphous phase.
Conclusions
The formation of globules with a Co-based amorphous core and crystalline shell structure embedded in a macroscopically phase-separated Cu-rich layer in rapidly solidified (Co 0.75 Si 0.10 B 0.15 ) 70 Cu 30 alloy with a macroscopically phaseseparated dual-layer structure was found. The structure of the Co-rich globules embedded in the macroscopically phaseseparated Cu-rich layer depended strongly on the globule size; large globules with diameters of ³500 nm show the core-shell structure with an amorphous phase, while the small globules with diameters < ³200 nm exhibit spherical crystalline structures. The solidification process in CoCuSiB immiscible alloy with an amorphous phase and the formation mechanism of globules with amorphous corecrystalline shell structure was suggested.
